Abstract The aim of this study is to clarify the odontometric features of the people in the medieval period in Japan. We investigated the human skeletal remains of the Yuigahama-minami, Chusei Shudan Bochi, Seiyokan, and Gokurakuji sites; this is the first study to address the odontometry of multiple medieval skeletal populations of Kamakura city. Dental crown measurements were statistically compared with those of the other population samples dating from prehistoric to modern times. The results of our multivariate odontometric study allow some tentative perspectives regarding the relationship between the medieval and other prehistoric and historic Japanese series. First, the medieval series were found to have an odontometric pattern close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from that of the Jomon and Ainu series. Second, the majority of the medieval series tended to have smaller tooth size than the post-Jomon series of the Yayoi, Kofun, Edo, and modern periods. We suggest that the small tooth size of the Kamakura medieval series may be related to nonlineage factors, and would not contradict their similarity in odontometric pattern with the Yayoi, Kofun, Edo, and modern series.
Introduction
Japan is an island country, the population history of which has fascinated many anthropologists. Hanihara (1991) proposed the "dual structure model"; this model assumes an initial occupation of the Japanese archipelago from the Upper Palaeolithic of Southeast Asia, giving rise to the Neolithic Jomon people, or Jomonese; then a second wave of migration is considered to have taken place from a Northeast Asian source, in and after the Aeneolithic Yayoi period; descendent populations of both lineages gradually intermixed through time at varying rates according to geographical region. The Jomonese were gatherer-hunters, while the Yayoi immigrants were rice cultivators. According to Hanihara's (1991) model, the population history of the medieval Japanese can also be explained by postulating the effects of admixture between the two lineages.
The medieval period of Japan spans nearly 400 years, extending from 1200 AD to 1600 AD. The period is characterized by the rise of the warrior class to political power, and the establishment of military governments. Suzuki et al. (1956) were the first to systematically investigate medieval Japanese skeletal remains. They excavated 910 skeletal remains from the burial site at Zaimokuza, Kamakura city (Figure 1 ), considered to be victims of a war that occurred in 1333 AD. Although the medieval Kamakura people are most likely ancestors of the modern Kanto Japanese, it is a striking fact that many of their skull measurements were found to be outside the known range of the local modern Kanto Japanese (Suzuki et al., 1956) . These features of the medieval Kamakura people, such as dolichocephaly, chameprosopy, and prognathism, were explained as possibly stemming from environmental factors, including dietary conditions and the effects of medical care (Suzuki et al., 1956) .
On the basis of craniometric similarity between the medieval population of the Kanto district and the Ainu, Brace et al. (1989) stressed that the Samurai were likely to have derived from the Ainu, although he gave no definition of the Samurai. However, a wide range of evidence from archaeology, history, folklore, and physical anthropology does not support Brace's view. As Hanihara (1991) criticized, the Samurai, or warriors in Japan, emerged in the 10th century through arming of local clans who held power and high social positions. On the other hand, the Ashigaru, the lowest class of the Samurai, emerged through the class strife that took place during the 14th and 15th centuries. The rise of Ashigaru was not limited to the Kanto district but took place in different regions all over Japan. It is likely, therefore, that a majority of the Ashigaru class consisted of native people, but was not necessarily related to the Ainu (Hanihara, 1991) .
According to Ishida (1990, 1992) , there is a clear difference in the incidence of nonmetric cranial traits between the native Jomon and the immigrant Yayoi; but thereafter, trait incidences have remained stable for over 2000 years from the Yayoi period to the present. It is inferred from this that the medieval people must be a part of the ancestral lineage of the modern Japanese. Such an interpretation is also supported by dental metric and nonmetric evidence (Matsumura, 1994) .
From multivariate craniometric studies, Pietrusewsky (1999) found similarities between the cranial series of the Ryukyu Islanders and those of theYayoi and Kofun periods, and especially that of medieval Kamakura. The observed craniometric similarities suggest that the earlier inhabitants of the Ryukyu Islands may have been greatly influenced by later immigrants, beginning with the Yayoi period. Alternative explanations, such that the Shogunate of Kamakura founded in 1185 was recruiting followers from as far away as the Ryukyu Islands, or that the survivors of the last great battle of 1333 dispersed to the Ryukyu Islands once the Kamakura Shogunate was disbanded, are not supported by historical fact.
Contrary to the preceding studies, Matsumura's (2001) odontometric work suggested some biological similarities between the medieval and Jomon series. On the assumption that the post-Yayoi Japanese samples could be divided into native Jomon and immigrant Yayoi components, Matsumura (2001) calculated discriminant functions that define the two components. From his discriminant functions, the proportion of the two components can be derived for both ancient and more recent Japanese samples. In the Kanto district, the proportion of the Jomon-type individuals increased from 27.7% in the protohistoric Kofun period to 37.4% in the medieval period, but then decreased again to 25.2% in the early modern Edo period. There remains the question as to why the Jomon component increased in the medieval period. As Matsumura (2001) discussed, a possible explanation is that the Kofun samples, which were mainly excavated from mounded tombs, might comprise individuals from a class consisting mainly of new immigrants, while the medieval samples may be representative of the common people of the Kanto district. In both periods, the other social strata might have existed as well. However, this interpretation does not explain the decrease in the proportion of the Jomon component from the medieval to early modern Edo periods. Matsumura (2001) also presented an alternative explanation. Historical records suggest that a significant number of people came to the capital city of Kamakura from the peripheral regions, such as from northeastern Japan (Amino, 1996) . This opens the possibility that the Kamakura medieval samples include a high proportion of people who retained morphological similarities with the Jomon natives.
Despite the above summarized studies, there remains the unsettled question as to who the medieval people are. The biological affinities of the medieval people have been confounding, including discussions as to whether or not they are morphologically similar to the Jomon and Ainu. Most studies of the medieval people have been based on cranial morphology, and studies of dental morphology have been scarce. It is thus important to further clarify the odontometric features of the medieval Japanese and to interpret them in light of Japanese population history.
During the past decades, thousands of medieval skeletons have been excavated from the archaeological sites in the Yuigahama area of Kamakura city, Japan. These additional data should provide new perspectives to the understanding of the Kanto district medieval people. In this study, we measured the dental crowns of the medieval people from several archaeological sites in Kamakura city, and made statistical comparisons with those from other population samples dating from prehistoric to modern times.
Materials and Methods

Materials
The materials utilized in this study consist of human skeletal remains from the Yuigahama-minami, Chusei Shudan Bochi, Seiyokan, and Gokurakuji sites ( Figure 1 , Table 1 ). These sites are located along the seashore of the southern end of Kamakura city, an ancient capital where a military government, the Kamakura Shogunate, was established. Kamakura was also a center of politics, economics, and culture during the medieval period of Japan. These sites are briefly described below.
Yuigahama-minami site
The excavation of the Yuigahama-minami site was undertaken between 1995 and 1997, and yielded 3861 skeletons from the 14th century (Hirata et al., 2002; Matsushita, 2002) . Total counts of individuals excavated from multiple and individual burials were 3108 and 667, respectively. The ratio of adult to immature individuals is about 2:1 in both individual and multiple burials. The ratio of males to females is about 1:1 in individual burials and about 3:2 in multiple burials. This skeletal series is housed in the Depart- ment of Anatomy at St. Marianna University School of Medicine. In this study, we used a subsample of 48 individually buried male individuals.
Chusei Shudan Bochi site
The excavation of the Chusei Shudan Bochi site was undertaken between 2000 and 2001, and yielded 592 skeletons from the 14th century (Hirata and Nagaoka, n.d.) . They were excavated from multiple burials. The ratio of adult to immature individuals is about 6:1. The ratio of males to females is about 2:1. This skeletal series is housed in the Department of Anatomy at St. Marianna University School of Medicine. In this study, we used a subsample of 37 male individuals.
Seiyokan site
The excavation of the Seiyokan site was undertaken in 1982, and yielded 91 skeletons from the 14th century (Morimoto et al., 1984) . They were excavated from multiple burials. The ratio of adult to immature individuals is about 9:1. The ratio of males to females is about 1:1. This skeletal series is housed in the Department of Anatomy at St. Marianna University School of Medicine. In this study, we used a subsample of 7 male individuals.
Gokurakuji site
The excavation of the Gokurakuji site yielded over a thousand skeletons from the 14th century (Suzuki, 1998) . They were excavated from multiple burials. The ratio of adult to immature individuals and ratio of males to females are unknown. This skeletal series is housed in the Department of Anthropology, the National Science Museum, Tokyo. In this study, we used a subsample of 44 male individuals.
We measured the permanent upper and lower teeth of males of the above medieval samples. The sex of each specimen was determined by the first author using the criteria of Krogman (1962) and Nagaoka and Hirata (2005) . Statistical comparisons were made with data available in the literature on population samples dating from prehistoric to modern times: the Neolithic Jomon of middle to final stages (3000-300 BC) (Matsumura, 1994) , Aeneolithic Yayoi (300 BC-300 AD) (Matsumura, 1994) , protohistoric Kofun (300-700 AD) (Matsumura, 1994) , medieval (1333 AD) (Matsumura, 1994) , early modern Edo (1603-1868 AD) (Nagaoka and Hirata, 2003) , modern (1869 AD-present) (Matsumura, 1994) , and Ainu (1869-1894 AD) (Matsumura, 1994) . The medieval data of Matsumura (1994) were collected from the Zaimokuza skeletal series.
Measurements
The metric tooth characteristics that we examined in this study were the mesiodistal and buccolingual diameters of the central incisors to the second molars of upper and lower jaws. Data were taken on the right side teeth. When the right side tooth was inappropriate for examination because of absence, abnormal morphology, heavy wear, caries, and so on, then the left side tooth was examined. The first author took measurements with a digital caliper according to the methods of Fujita (1949) .
Multivariate statistical procedures
For estimating biological distances between groups, the Penrose size and shape distances (Penrose, 1954) and the Mahalanobis D 2 distance (Mahalanobis, 1936; Rao, 1952) were computed from the 14 measurements of mesiodistal and buccolingual diameters of the upper jaw. The 14 measurements of the lower jaws were excluded from the distance analyses due to a lack of measurements of the Gokurakuji series. The standard deviations used in calculating the Penrose size and shape distances were obtained from measurements taken on 52 male individuals with complete dentitions: 33 individuals from the Yuigahama-minami site and 19 individuals from the Chusei Shudan Bochi site. The Mahalanobis D 2 distances were calculated on the premise that the variance-covariance matrix was common to all populations (Mizoguchi, 1988) ; the pooled variance-covariance matrix was obtained from the above-mentioned 52 individuals. The significance of the Mahalanobis D 2 distances was determined by the methods described in Rao (1952) . In order to facilitate interpretations of inter-population affinities, multidimensional scaling (Torgerson, 1958) was applied to the distance matrices using SPSS 13.0 J. (SPSS Inc., 2005) .
For estimating population structure, we classified each specimen into Jomon or Yayoi components using the 14 discriminant functions (MF1-14) of Matsumura (2001) , and derived the proportion of each component in the medieval skeletal series. If more than one of Matsumura's (2001) functions were applicable, we selected the most effective and reliable function among the total of his 14 functions.
Results
Basic statistics
The basic statistics for the 28 odontometric measurements recorded in the four male medieval series are presented in Table 2 . The results of analysis of variance showed no significant differences at the 5% level among the four medieval series. Table 3 gives the sum of the cross-sectional areas (mesiodistal diameter times buccolingual diameter). It can be seen that the majority of the medieval series, including the Zaimokuza series, have smaller cross-sectional areas than the Yayoi, Kofun, Edo, and modern series, while they have larger tooth areas than the Jomon and Ainu series. Additionally, the Seiyokan series has larger cross-sectional areas than the modern series and the other medieval series.
Distance analysis
The Penrose size distances were computed for 11 population samples based on 14 crown measurements (Table 4) . A single dimensional expression of the distance matrix (Figure 2) shows that the majority of the medieval series have intermediate dental size between the Jomon and Ainu series on the one hand and the post-Jomon series of Yayoi, Kofun, Edo, and modern series on the other. As with the univariate comparisons, the Seiyokan series is expressed as having larger tooth size than the modern and the other medieval series.
The Penrose shape distances were computed for 11 population samples based on 14 crown measurements (Table 5 ). The two-dimensional expression of the shape distance matrix reveals that the medieval series are odontometrically close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from the Jomon and Ainu series, while the medieval series themselves loosely connect with each other (Figure 3) . The Mahalanobis D 2 distances and tests of their significance are presented in Table 6 . None of the D 2 distances among the medieval series is significant at the 5% level. In contrast, the majority of the medieval series shows significant D 2 distances with the Jomon and Ainu series. The twodimensional expression of the D 2 distance matrix reveals that the medieval series are odontometrically close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from the Jomon and Ainu series, while the medieval series themselves loosely connect with each other (Figure 4) . Nagaoka and Hirata (2003) . 
Matsumura (1994).
2 Nagaoka and Hirata (2003) . Table 7 shows the results of classifying individuals of the five medieval skeletal populations using the discriminant functions of Matsumura (2001) . The proportion of the Jomon component varies from 13% to 33% among the five medieval series. In Fisher's exact test, there is no significant difference in the immigrant and native proportion among the five medieval populations at the 5% level, except between Yuigahama-minami and Zaimokuza (Table 8 ). The Zaimokuza series is significantly different from the modern series at the 5% level, while the Yuigahama-minami, Chusei Shudan Bochi, Gokurakuji, and Zaimokuza series are significantly different from the Ainu series at the 1% level (Table 8) . Additionally, there is no significant difference in immigrant and native proportions between the Kofun and medieval or between the medieval and Edo periods.
Discriminant analysis
Discussion
This study demonstrates two findings based on the odontometrics of the medieval people. First, in odontometric pattern, the medieval series are close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from the Jomon and Ainu series. Second, the majority of the medieval series tend to have the smallest teeth among the post-Jomon people of mainland Japan. These features were observed not only with the previously reported data of the Zaimokuza series but also with data of the Yuigahama-minami, Chusei Shudan Bochi, Seiyokan, and Gokurakuji series of the present study. The medieval series from the five archaeological sites seem to share these characteristics and are relatively homogenous.
The first finding supports the previous studies of metric and nonmetric traits of the crania and teeth (Suzuki et al., 1956; Suzuki, 1969; Ishida, 1990, 1992; Hanihara, 1991; Matsumura, 1994; Pietrusewsky, 1999 Pietrusewsky, , 2004 ) that claimed that the medieval populations are within the variation of modern Japanese. In other words, the first finding contradicts Brace's view (Brace et al., 1989 ) that the ancestors of the medieval people represent the Ainu. The close affinity of the medieval Kamakura to the Yayoi, Kofun, Edo, and modern series previously reported with the data of the Zaimokuza series are confirmed from the additional data of the Yuigahama-minami, Chusei Shudan Bochi, Seiyokan and Gokurakuji series. This strengthens the view that the medieval Kamakura people must be representative of the lineal ancestors of the modern Japanese of the central islands. Our observations that there are no significant differences in immigrant and native component proportions, between the medieval and Kofun or Edo periods, suggest populational continuity from the Kofun to early modern times.
The second finding has been already pointed out with the Zaimokuza series (Matsumura, 1994) . The overall tooth size of the Japanese appears to have been conspicuously reduced around the medieval period, although tooth size proportions appears not to have changed through the historic periods (Matsumura, 1994 ). The present study shows that small tooth size is seen not only in the previously reported Zaimokuza series but also in the Yuigahama-minami, Chusei Shudan Bochi, Seiyokan, and Gokurakuji series. It is likely that a relatively small tooth size characterized the people of the medieval period. We discuss below some possible expla- Figure 2 . Single-dimensional expression of multidimensional scaling method applied to the Penrose size distance matrix in Table 4 . Figure 3 . Two-dimensional expression of multidimensional scaling method applied to the Penrose shape distance matrix in Table 5 . nations for diachronic changes in tooth size in the population history of the Japanese. Brace and Nagai (1982) found differences between the smaller teeth of the Jomon and Ainu series and the larger teeth of the Yayoi and post-Yayoi series. If tooth size simply reflects difference in ancestral lineage, then it might be inferred that the medieval people with smaller teeth had closer affinities with the Jomon. However, this explanation would contradict the first finding of the present study outlined above.
Another possible explanation stems from empirical observations among primates as a whole, that there is a high positive correlation between body size and tooth crown size (Gingerich, 1977; Hillson, 1996) , at least in males (Lukas, 1982; Hillson, 1996) , and that sexual dimorphism in body size is correlated with crown diameter dimorphism (Leutenegger and Kelly, 1977; Hillson, 1996) . However, within living humans, correlation between crown diameters and body size is low (Garn et al., 1968; Henderson and Corruccini, 1976; Lavelle, 1977; Perzigian, 1981; Hillson, 1996) . Even if stature can be regarded as an indicator of body size, correlation between body size and tooth size is perhaps low in the medieval people. In fact, the medieval people are considered to have been taller than the early modern Edo people (Hiramoto, 1972) , although the former have smaller teeth than the latter.
Next, as far as metric traits are concerned, secular trends in tooth size originating from nutritional status have been demonstrated in populations around the world (Goose, 1967; Kirveskari et al., 1978; Suzuki, 1993) . Proteins are heavily involved in the formation of teeth, and protein uptake in the formation period of the dental germ may strongly influence tooth size (Suzuki, 1993) . Garn et al. (1979) found a clear relationship between children's crown diameters and the mother's health during pregnancy. It is noteworthy that tooth size varies according to nutrition and hygiene. The small teeth of the medieval people might result from dietary changes (i.e. malnutrition), but our data are not sufficient to Figure 4 . Two-dimensional expression of multidimensional scaling method applied to the Mahalanobis D 2 distance matrix in Table 6 . 
Conclusions
This paper is the first study to address the odontometric features of medieval skeletal samples from several archaeological sites in Kamakura. The results of our multivariate odontometric study allow a number of tentative conclusions to be made regarding the medieval Kamakura and other prehistoric and historic Japanese populations. 1. The medieval series that we investigated exhibited an odontometric pattern close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from the Jomon and Ainu series. This does not support the results reported by Brace and co-workers, who claimed that the Kamakura people might represent the Ainu. 2. The majority of the investigated medieval series exhibited the smallest teeth among the post-Jomon people of mainland Japan. If tooth size changes flexibly with nonlineage related factors, the small tooth size of the Kamakura medieval series would not contradict the results that, in odontometric pattern, they are close to the Yayoi, Kofun, Edo, and modern series, and well differentiated from the Jomon and Ainu series.
